Introduction
The identification of developmental control genes in Drosophila laid the foundation for investigating the molecular mechanisms of embryonic development. By interacting in a hierarchical and combinatorial manner, many of these genes, classified as maternal effect, gap, pair-rule, segment polarity and segment identity genes, establish the metameric body plan from a fertilized egg (see Akan, 1987; Ingham, 1988 for reviews) . A large number of their gene products share protein domains such as the zinc-finger motif (Rosenberg et al., 1986; Tautz et al., 1987) , the paired box (Bopp et al., 1986) and the homeobox (McGinnis et al., 1984; Scott and Weiner, 1984) . Drosophila homeoboxes belong to different classes known as Antennapedia (Antp), bicoid (bcd), caudal (cad), engrailed (en), even-skipped (eve), muscle segment (msh) and paired (prd) type homeoboxes based on their relative degrees of amino acid @ Oxford University Press and nucleic acid homology (see Scott et al., 1989 for review; Robert et al., 1989) . On the molecular level homeobox proteins bind DNA and activate or repress transcription in vitro, suggesting that they also control development at the transcriptional level in the organism Biggin and Tjian, 1989: Dearolf et al., 1989) .
In contrast to Drosophila, little is known about the molecular mechanisms controlling vertebrate morphogenesis.
Zinc finger (see Klug and Rhodes, 1987 for review), paired box Dressler et al., 1990 ; Walther, Goulding and Gruss in preparation) and homeobox (see Dressler and Gruss, 1988; Holland and Hogan, 1988; Scott et al., 1989; Wright et al., 1989 for reviews; Duprey et al., 1989; Robert et al., 1989; Goulding, Walther, and Gruss, in preparation) genes with high sequence homology to the respective Drosophila conserved domains have also been identified in the genomes of chick, frog, mouse and man and show specific expression patterns during embryogenesis. En-homeobox genes, for example, are expressed during neurogenesis in species of different phyla (Patel et al., 1989b) . Mouse Antp type homeobox genes show striking similarities to the genes of the Drosophila Antennapedia (ANT-C) and Bithorax (BX-C) complexes with respect to their clustered organization and their expression patterns along the antero-posterior axis, suggesting that some roles of these genes during development have been conserved (Gaunt et al., 1988; Duboule and Dolle, 1989; Graham et al., 1989) . Studies in Xenopus and mouse support that homologues of Drosophila regulatory genes represent tools to unravel molecular mechanisms of vertebrate development. Manipulation of the expression pattern of certain homeobox genes could be correlated with specific developmental abnormalities (Harvey and Melton, 1988; Balling et al., 1989; Kessel et al., 1990; Ruiz i Altaba and Melton, 1989b,c; Wolgemouth et al., 1989) . Also, in the mouse, a point mutation in the paired box of the Pax I gene is likely to cause the developmental mutant phenotype undulated .
Until now, murine homologues from all Drosophila homeobox classes have been described, with the exception of bcd and eve type homeoboxes. In Drosophila, eve shows two distinct expression patterns during development. As a primary pair rule gene eve plays a key role in the regulation of the segmentation process since complete loss of eve function causes an asegmental phenotype (Niisslein-Volhard et al., 1985) . Eve is involved in transforming the broad spatial, aperiodic expression patterns of the gap genes into a system of precise periodic expression patterns of the pair rule and segment polarity genes. The periodic seven stripe expression ('pair rule') pattern of eve provides the earliest periodic values in the developing embryo and thus the basis for the metameric organization of the body plan (Frasch et al., 1988; Goto et al., 1989; Harding et al., 1989) . During neurogenesis, eve is expressed in distinct neurons of the embryonic central nervous system (CNS) (MacDonald et al., 1986; Frasch et al., 1987) . Eve-mutants show neuronal transformations and aberrant axon morphologies (Fahrner et al., 1987) . Eight overlapping clones with insert sizes of 2-3 kb could be isolated.
Both Evx homeoboxes are interrupted by introns of 543 bp (Evx 1) and 925 bp (Evx 2), respectively, just within the recognition helix between amino acid positions 46 and 47 ( Figures 1, 2A and 3 ). Splice junction sites are nearly identical to the consensus sequences defined by Shapiro and Senapathy (1987) . The genes isolated here are quite distinct from all other known mouse homeoboxes. Together with the Xenopus Xhox-3 and the Drosophila eve gene they constitute a separate homeobox subfamily (Figures 2A and 3) . The Evx I homeodomain is identical to the published Xhox-3 sequence on the amino acid level, whereas Evx 2 differs only in the first position, where a valine substitutes a methionine (Figures 2A and 3) . Of the nucleotides, 82.5 % are identical between Evx I and Evx 2 (Figure 2 ). Evx I and Evx 2 share 76.5 and 78.7% homology with the Drosophila eve homeobox on the nucleic acid and 86.9 and 88.5% on the amino acid level. Four out of eight (Evxl) or seven (Evx 2) amino acid exchanges are conservative according to Schwartz and Dayhoff (1979) (Figures 2 and 3) . Positions which are nearly invariant in all known homeobox classes (Scott et al., 1989) are also highly conserved in Evx I and Evx 2 (Figures 2 and 3 Evx 1   TGC GAA CTG GCA GCA GCC TTA AAC CTT CCT GAA ACT ACC ATC AAG GTG TGG TTT CAG AAC CGG CGC ATG AAG GAC 
CTG CCC TAC CCC TTC CCG TCG CAC CTG CCC CTG CCC TAC TAC TCG CCC GTG GGC CTG GGC GCC GCG TCC GCC GCC TCG GCC GCC Xvx 2 Figure 2B ). Figure 4 shows at the more amino-terminal region of the Evx I protein. This is in contrast to all mouse homeobox genes so far studied, where it is positioned at the more carboxy-terminus (Wright et al., 1986; Joyner and Martin, 1987; Duprey et al., 1989) . In addition to the glycine/serine rich region and the homeodomain, a highly acidic region of 10 amino acids is located at positions 114-124 and three repeats rich in alanine and serine are located in the region carboxy-terminal of the homeobox. Similar repeats of various length encoding alanine have also been reported in eve and other developmentally important Drosophila genes such as en, Notch and cad (Poole et al., 1985; MacDonald et al., 1986; Wharton et al., 1986; Frasch et al., 1987) .
The Evx 1 gene maps to mouse chromosome 2
In order to determine the chromosomal localization of the Evx I gene, we have used the inter-species backcross system (Guenet, 1986 (Featherstone et al., 1988; Duboule and Dolle, 1989; Siracusa et al., 1990) , as it shows 96.3% co-segregation with the Hox 5 locus. Thus, the linkage distance between Evx I and Hox 5 is -3.7 3.6 cM.
Evx 1 is expressed during mouse embryogenesis and in undifferentiated F9 stem cells The expression of Evx I was analysed in diverse adult tissues and in embryos from days 9.5 to 17.5 p.c. by Northern blot hybridization to polyadenylated RNA using the PstI fragment (see Fig. 1 were hybridized with a RNA sense probe of the same fragment and no specific signals were detected (not shown). Two phases of Evx I expression with distinct patterns can be discerned; an early expression from days 7-9 p.c. and a late transcription from days 10-12.5 p.c. No expression is detected using the in situ analysis between day 9 and 10 p.c. (data not shown).
In sagittal sections of early to mid-primitive streak embryos, before closure of the amnion, a weak signal can be detected in the posterior region of the embryo ( Figure  6A i and ii) . The signal mainly lies over ectodermal cells but could also be due to, at least in part, some mesodermal cells which are continuously forming by ingression through the primitive streak at this stage. At about half a day later when the amniotic cavity is sealed off and allantois, foregut pocket and the anterior neural plate appear this signal increases ( Figure 6A iii and iv). It can now definitively be assigned to ectoderm and mesoderm of the post to mid primitive streak region. Sagittal sections of day 8.5 to nearly 9 p.c. embryos show strong Evx 1 hybridization signals in the posterior neuroectoderm and the underlying mesoderm ( Figure 6A v-viii) . The anterior boundary of Evx 1 expression in neuroectoderm and mesoderm is posterior to the last somite (see arrow in Figure 6A v and vii). Thus, the early phase of Evx I expression remains localized at the caudal end of the embryo and is therefore different from the Hox genes which although initially expressed caudally exhibit the activity later more rostrally. The region of mesodermal Evx I expression is posteriorly displaced with respect to Evx I expression in the neuroectoderm. This is confirmed by cross-sections of the posterior part of the embryo ( Figure 6B ). Seemingly, expression in the mesoderm is more intense the more posterior the section, whereas in the ectoderm it shows the same intensities ( Figure 6B, 1-4) .
In sagittal sections of day 10-12 p.c. embryos, Evx I expression appears as a narrow band along the entire neural tube with an anterior border at the level of the rhombencephalic isthmus (Figures 7 and 8) Figure 8D) (Hoey et al., 1989 The Evx sequences are more similar to each other and to the Xenopus Xhox-3 than to the Drosophila gene. In addition, Xhox-3 has an intron at exactly the same position within the homeodomain as the mouse genes and a second eve related gene seems to exist also in the frog (Ruiz i Altaba and Melton, 1989a). Thus, similar to the Antp and en like homeobox genes vertebrate eve like genes might have been duplicated during evolution from a common ancestral gene (Duboule and Dolle, 1989; Graham et al., 1989; Patel et al., 1989b; Schughart et al., 1989) .
Evx 1 expression during gastrulation Our in situ analysis has revealed initial expression of Evx 1 in embryos from days 7-9 p.c. Evx I expression originates at the posterior end of the embryo in the region of the posterior to mid primitive streak in both ectoderm and mesoderm. Over the next 1.5-2 days the domain of expression expands in the mesoderm and to the overlying ectoderm but remains restricted to the posterior portion of the fetus. This expression pattern is during the period of gastrulation which starts about half a day earlier. The beginning of gastrulation is characterized by the appearance of the primitive streak which arises at the posterior end of the embryo and defines the antero-posterior axis. As long as the primitive streak persists, until day 9-9.5 p.c., it is proposed to generate primordia of many components of the trunk according to a sequence at which various body levels are laid down and thus establishes the basic body plan of the embryo (Tam, 1984 (Tam, 1984 Evx 1 transcripts disappear at approximately the same time as the primitive streak. Although the biochemical basis that underlies the processes occurring in the primitive streak are far from clear, from an evolutionary point of view the primitive streak of the mouse may be equivalent to the 'Organizer' region of amphibia. In Xenopus mesoderm forming activity, at least in part coming from this region, is thought to be mediated by the release of growth factors such as TGF-,B and FGF (Slack et al., 1989; Smith et al., 1989) . XAox-3 has been shown to response to those factors (Ruiz i Altaba and Melton, 1989c) and this might also be valid for Evx 1. Such morphogenetic signals, originating at the posterior end of the mouse embryo, could provide an excellent explanation for the mechanism which establishes the restricted expression pattern of Evx 1. Differences in the anterior limits of Evx I expression in the two germ layers (neuroectoderm and mesoderm) may be due to the greater growth of the CNS in relation to the mesoderm as discussed by De Robertis et al. (1989) . Xhox-3 has also been suggested to play similar roles in pattern formation along the anteroposterior axis in the tailbud (Ruiz i Altaba and Melton, 1989b). However, we could not detect Evx I expression in the tail bud of the mouse. This may reflect differences in the functional ability between primitive streak and bud with respect to establishing rostrocaudal structures in the mouse as well as differences between the tail bud of mouse and frog, despite otherwise similar histogenetic potentials (Elsdale and Davidson, 1983; Tam, 1984) .
Assignment of late Evx 1 to neuronal structures of the CNS Expression of Evx I in the CNS from day 10-12.5 p.c. shows some characteristic features: expression is restricted to subpopulations of cells in the neural tube and the hindbrain, Evx I expressing cells increase in number in the same measure as neuroblasts mature and the hybridization signals remain in the same area at different stages of development in contrast to the migrating neuroblasts.
The rostral boundary of Evx I expression lies at the border between met-and mesencephalon (the rhombencephalic isthmus) where alar plate, basal plate, roof plate and floor plate of the spinal cord have their anterior ends. In many respects, spinal cord and hindbrain are quite similar in their organization and show the same early histological changes occurring in the wall. Their neuroepithelia are specified to produce different classes of neurons in a mosaic manner (Altman and Bayer, 1984) . In the spinal cord and hindbrain, Evx I transcripts are localized in comparable, confined areas in the transverse plane and thus Evx I may be expressed cell-type specific or region specific along the entire lengths of neural tube and rhombencephalon for a few days during development. In the ventricular zone, the Evx I signal is never seen in regions lining the lumen of the neural tube. Since the nuclei of neuroepithelial cells migrate during the cell cycle between the apical and basal part of the ventricular zone and undergo mitosis at the luminar surface (Sauer, 1959; Sidman et al., 1959) , these Evx 1 expressing cells are most likely postmitotic. Thus, they represent early differentiating neurons which are about to migrate radially out of the ventricular zone. However, it cannot be totally excluded that the labelled cells represent proliferative cells which express Evx 1 transiently during the cell cycle. Cells which have already migrated from the ventricular zone and have undergone their terminal mitosis settle down to form the intermediate zone. Here, Evx I expression appears, transversally arranged, in subpopulations of such differentiating neurons. In the ventral neural tube it is located between the motorneuroblasts and the margin of the ventricular zone, in the dorsal part between the ventricular and the mantle layer dorsally to the signal in the ventricular zone.
Can the Evx 1 expression pattern at this early stage of neural tube development be correlated to differentiating cell types or to known morphogenetic processes? Evx 1 expression coincides with the development and maturation in the ventro-dorsal and rostro-caudal direction of the spinal cord (Hamburger, 1948; Fujita, 1964; Smart, 1972; Nornes and Das, 1974; Nornes and Carry, 1978; Altman and Bayer, 1984) . At around day 9 p.c. most cells of the neural tube are radially oriented ventricular (neuroepithelial) cells, whereas others are in early stages of neuron differentiation, namely ventral root motorneurons, commissural and association (ipsilateral) interneurons (Smart, 1972; Holley, 1982; Altman and Bayer, 1984; Wentworth, 1984 (Holley, 1982; Holley et al., 1982; Wentworth, 1984 (Holley et al., 1982) .
The restricted pattern of Evx I expression remains essentially constant through several developmental stages. In the ventricular zone, the area of Evx I expression becomes more intense and widened probably due to an increase in depth of the ventricular layer through rapidly occurring cell proliferation, but is limited to this zone although the intermediate zone has begun to form. Since early forming neuroblasts are displaced laterally by later forming cells (Nornes and Carry, 1978) , Evx I might be required at a certain time during the pattern of neuron differentiation and might be expressed when a specific cell population passes through a specific phase. In this respect, Evx I expression may occur at the time when commissural interneurons generate their axons.
To summarize, the expression pattern of Evx I in the CNS suggests that it is either involved in the mechanism controlling specific neuronal fates and/or more specifically in the process of commissural and ipsilateral axon growth during neuronal differentiation since its expression pattern coincides with the very early appearance of differentiating interneurons. In this respect, Evx I may play a similar role to the Drosophila eve during neurogenesis, for eve may function in the mechanism controlling cell fate and may regulate genes that control the axonal morphology of at least two of three identified neurons (Doe and Scott, 1988; Keynes and Stern, 1988) . Recent studies (Lumsden and Keynes, 1989; Murphy et al., 1989; Wilkinson et al., 1989a,b) neuromeres of the spinal cord (Orr, 1887; Streeter, 1908; Neal, 1918; Vaage, 1969; Tuckett etal., 1985; Sakai, 1987) (Davidson et al., 1986; Wilkinson et al., 1987; Davis and Joyner, 1988; and Hox genes (see Holland and Hogan, 1988 for review ; Wilkinson et al., 1989a,b) with those of their most closely related counterparts in the embryonic CNS of the fruitfly reveals striking similarities. In Drosophila en, eve (Doe and Scott, 1988) , wg (Patel et al., 1989a) and pox neuro are expressed in specific neurons in every segment, whereas homeotic genes are expressed in only some segments of the CNS, with specific patterns (Doe and Scott, 1988) . In the mouse, Evx 1, En 1, Int 1 and Pax 2 are expressed in transversally restricted regions along the entire neural tube including the hindbrain, whereas Hox genes are transcribed in antero-posterior domains or specific segments within wide transversal areas. In analogy to Drosophila, the highly developed vertebrate CNS might use Hox genes for specifying regional CNS differentiation along the antero-posterior axis and Evx 1, as well as the other homologs mentioned, for specifying neuronal identities and/or neuronal differentiation processes in the transverse plane along the entire antero-posterior axis. The expression patterns of these genes could therefore reflect longitudinal compartments within the spinal cord. In the mouse, the large number of Hox genes, Evx 1, En 1, int I and Pax genes produce a great variety of overlapping expression patterns with different medio-lateral, ventro-dorsal and anteroposterior extensions within the neural tube which could account for the development of the functional diversity of the CNS in higher vertebrates. Thus it is conceivable that the development and establishment of the vertebrate CNS utilizes an evolutionarily conserved regulatory system.
The Evx 1 expression pattern is biphasic
Evx I is expressed in a distinct temporal and spatial pattern during embryogenesis from days 7-9 p.c. and from days 10-12.5 p.c., but could not be detected between days 9 and 10 p.c. (Feinberg and Vogelstein, 1983) Hinfl-BstNI fragment of the eve cDNA sequence containing the homeobox (Frasch et al., 1988) and washed at room temperature under low stringency conditions (hybridization: 6 x SSC, 0.5% SDS, 5 x Denhardts, 100 /ig/ml salmon sperm DNA; washing 2 x SSC, 1% SDS). The cDNA library was probed with an oligolabelled PstI-Pstl fragment of the genomic Evx I clone ( Figure  1) isolated from the genomic library under more stringent conditions, salt was reduced to 4 x SSC in the hybridization solution and washing was performed at 42 OC.
DNA sequencing
Overlapping M13 subclones of the genomic Evx I and Evx 2 clones and the Evx I cDNA clone were generated both in M13mpl8 and M13mpl9. Nucleotide sequences were determined by the dideoxy method (Sanger et al., 1977) (Strickland et al., 1980) . Embryos for Northern blot and in situ analysis were obtained from natural matings of female NMRI mice, and midday of the day of the vaginal plug was designated as day 0.5 p.c. Total RNA samples were isolated by homogenizing cells and embryos in guanidinium thiocyanate and polyadenylated RNA was obtained after elution from oligo(dT)-cellulose columns according to Ausubel et al., (1989) .
Northern blotting
Polyadenylated RNA samples were electrophoresed through 1% agarose gels in 3.7% formaldehyde and 1 x MOPS buffer (20 mM morpholine propane sulphonic acid, 50 mM Na-acetate, 10 mM EDTA, pH 7.0) and blotted onto nylon membranes with 10 x SSC. Nucleic acids were crosslinked under 309 nm UV light and the filters were then hybridized under high stringency conditions in a sodium phosphate buffer (500 mM NaPi, pH 7.2, 7% SDS, 1 mM EDTA) at 65 'C. Washing was performed with
In situ hybridization and RNA probes The protocol used was basically that of Hogan et al. (1986) , with some modifications, and is essentially as follows. Embryos were removed from the surrounding tissue in cold phosphate buffered saline (PBS), immediately frozen and embedded in OCT medium (Miles Laboratory) using a cold chamber placed on dry ice. Sections were cut at 8 Am and -20°C in a cryostat, dried onto gelatine-subbed slides for 10 min at 55°C and fixed in 4% p-formaldehyde. For hybridization, sections were pretreated in 2 x SSC for 30 min at 70°C, subjected to proteinase K treatment (10 min), refixed in 4% p-formaldehyde (20 miin), acetylated (12 mini) and dehydrated at room temperature.
Single-stranded RNA probes were transcribed from a PstI-PstI Evxlfragment cloned into a Bluescript M13 vector using T3 and T7 RNA polymerases. High specific activity RNA was prepared from the coding and non-coding strands of the fragment using [a-35S]UTP and [a-355]CTP (each > 800 Ci/mmol) for in vitro transcription.
Probes were dissolved at a final activity of 5 x 104 c.p.m./Al in hybridization buffer (50% formamide, 10% dextran sulphate, 10 mM Tris, pH 7.5, 10 mM NaPi, pH 6.8, 5 mM EDTA, 10 mM DTT, 10 mM ,Bmercaptoethanol, 1 mM ADP-13-S, 0.1 mM UTP, 10 AM S-ATP, 2 x SSC, 150 itg/ml salmon sperm DNA, 150 Ag/ml yeast tRNA). Approximately 6-10 IOl were used, depending on the size of the coverslip. Hybridization was performed in a chamber humidified with 50% formamide, 2 x SSC, 10 mM (3-mercaptoethanol overnight at 42 'C. Slides were washed in this buffer (prewarmed at 37°C) for 2 h, digested with RNase A (20 iLg/ml) in 0.5 M NaCl, 10 mM Tris, pH 7.5, 1 mM EDTA, 10 mM ,-mercaptoethanol and again washed overnight at 37 'C. Then slides were dehydrated on graded alcohol, immersed in Kodak NTB-2 (diluted 1:1 with water) for autoradiography and exposed for 8-10 days at 4 'C until developed (Kodak D19 developer for 3 min, 1% acetic acid 30 s, 30% Na2S203 x 5H20 3 min). Finally, slides were stained with Giemsa for light microscopy.
